Objective: The aim of our study was to examine the relationship between corticostriatal A␤amyloid deposition and cognitive dysfunction in a cohort of patients with Parkinson disease (PD) at risk for dementia.
pared with those with AD. 10 -14 In contrast, subjects with the closely related entity of dementia with Lewy bodies (DLB), may exhibit elevated neocortical PiB binding, an interesting observation, because the PDD-DLB distinction is currently based on the relative timing of onset of dementia and parkinsonism. 13, 14 The prior pathologic literature suggests a significant contribution of A␤-amyloid deposition to cognitive impairment in PD. Whether this is a late phenomenon has not been addressed. Prior studies focused predominantly on assessment of differential A␤-amyloid deposition between subjects with different types of dementia and control subjects.
The aim of our investigation was to quantify cortical and striatal A␤-amyloid deposition in a cohort of 40 subjects with PD with mild cognitive impairment (MCI) 15, 16 or other risk factors for dementia. We examined the relationship between corticostriatal A␤amyloid deposition and cognitive function in this cohort.
METHODS Subjects and clinical test batteries. This
cross-sectional study involved 40 subjects with PD (32 men and 8 women) and the presence of mild cognitive symptoms or known risk factors for PD-associated dementia, specifically older age, prominent gait and balance impairments, or long duration of PD. 2, 17 Subject recruitment was from a university-based movement disorders subspecialty clinic between 2008 and 2011. Subjects met the UK Parkinson's Disease Society Brain Bank Research Center Clinical diagnostic criteria for PD 18 and did not have a diagnosis of dementia on routine clinical evaluation. (ϩ)-[ 11 C]dihydrotetrabenazine (DTBZ) PET confirmed the presence of nigrostriatal dopaminergic denervation, which is a feature of PD.
Standard protocol approvals, registrations, and patient consents. All study procedures were approved by the local institutional review board. All subjects provided written informed consent for all study procedures before enrollment.
Subjects underwent structured evaluations of PD motor features and PET imaging in the morning after dopaminergic medications were withheld overnight ("off " state). Clinical evaluations included assessment of modified Hoehn and Yahr stage 19 and rating with the Movement Disorder Society revised Unified Parkinson's Disease Rating Scale (UPDRS).
Neuropsychological examination. Subjects were examined while taking their usual dopaminergic medications to minimize bias in cognitive assessment by motor deficits. The Montreal Cognitive Assessment (MOCA) was used as a measure of global cognitive integrity. Tests included the California Verbal Learning Test as a measure of verbal memory. 20 Executive functions were assessed with the Wechsler Adult Intelligence Scale-III (WAIS-III) Picture Arrangement test, 21 Delis-Kaplan Executive Function System Sorting and Letter Verbal Fluency subtests, 22 and Stroop Color Word Interference test. 23 A switching version of the Stroop 3 test, in which subjects name ink color, unless the word is surrounded by a box, in which case they read the word itself (Stroop 4), was used to assess cognitive flexibility. 24 Attention/psychomotor speed was assessed as absolute times on the Stroop 1 and 2 subsets. 23 Visuospatial function was assessed with the Benton Judgment of Line Orientation test. 25 Composite z scores were calculated for different cognitive domains (memory, executive, attention, and visuospatial functions) based on normative data. Global cognitive performance was calculated as the average z score for the 4 cognitive domains. The WAIS III Information subtest was used as a measure of semantic knowledge. 21 Imaging techniques. All subjects underwent brain MRI for anatomic coregistration, A␤-amyloid PET imaging with Pittsburgh compound B ( 11 C-PiB) and nigrostriatal terminal imaging with DTBZ PET.
MRI was performed on a 3-T Philips Achieva system (Philips, Best, the Netherlands) using an 8-channel head coil and the ISOVOX examination card protocol primarily designed to yield isotropic spatial resolution. A standard 3-dimensional T1weighted series was performed in the sagittal plane using repetition time/echo time/inversion time ϭ 9.8/4.6/1,041 msec; turbo factor ϭ 200; single average; field of view ϭ 240 ϫ 200 ϫ 160 mm; and acquired matrix ϭ 240 ϫ 200; 160 slices were reconstructed to 1-mm isotropic resolution.
PiB and DTBZ PET imaging was performed in 3-dimensional imaging mode using an ECAT HRϩ tomograph (Siemens Molecular Imaging, Inc., Knoxville, TN), which acquires 63 transaxial slices (slice thickness ϭ 2.4 mm; intrinsic in-plane resolution ϭ 4.1 mm full-width at half-maximum over a 15.2-cm axial field of view). A NeuroShield (Scanwell Systems, Montreal, Canada) head-holder/shielding unit was used to reduce the contribution of detected photon events originating from the body outside the scanner field of view. Before PiB and DTBZ injections, a 5-minute transmission scan was acquired using rotating 68 Ge rods for attenuation correction of emission data. All subjects were studied supine, with eyes and ears unoccluded, resting quietly in a dimly lit room. 11 C-PiB was synthesized by published methods. 9 11 C-PiB PET scans were performed using a bolus/infusion protocol acquiring 17 frames over 80 minutes, with a priming bolus of 40% of the radioactive dose followed by continuous infusion of the remaining 60% over the 80-minute study using a dose of 666 MBq (18 mCi) 26 Emission data were collected in 16 sequential emission scans: 4 ϫ 30 second, 3 ϫ 1 minute, 2 ϫ 2.5 minutes, 2 ϫ 5 minutes, and 6 ϫ 10 minutes. No carrier-added (ϩ)-[ 11 C]DTBZ (250 -1,000 Ci/mmol at the time of injection) was prepared as reported previously. 27 Dynamic PET scanning was performed for 60 minutes immediately after a bolus injection of 55% of 555 MBq (15 mCi) of (ϩ)-[ 11 C]DTBZ dose (containing less than 50 g of cold DTBZ mass) over the first 15-30 seconds of the study, whereas the remaining 45% of the dose was continuously infused over the next 60 minutes. 28 A series of 15 frame sequence of scans over 60 minutes was obtained as follows: 4 ϫ 30 seconds, 3 ϫ 1 minute, 2 ϫ 2.5 minutes, 2 ϫ 5 minutes, and 4 ϫ 10 minutes.
Image postprocessing. All dynamic PET imaging frames were spatially coregistered in subjects with a rigid body transformation to reduce the effects of subject motion during the imaging session. These motion-corrected PET frames were spatially coregistered to the MRI scan using SPM8 software (Wellcome Trust Centre for Neuroimaging, London, UK). IDL image anal-ysis software (Research Systems, Inc., Boulder, CO) was used to manually trace volumes of interest (VOIs) on the MRI scan. Traced VOIs included the striatum (caudate and putamen), cerebellum, and thalamus. Cortical VOI definition used semiautomated thresholding delineation of the cortical gray matter signal on the MRI scans. General cortical area was determined by VOI placement and then was thresholded (based on signal intensity) to filter out any white matter. The entire neocortex was included in the VOI. Time-activity curves for each VOI were generated from the spatially aligned PET frames. PiB and DTBZ distribution volume ratio (DVR) was then estimated by using the Logan plot graphical analysis method with the cerebellar hemisphere gray matter and the occipital neocortex as reference tissue for PiB and DTBZ, respectively. 29, 30 In addition, voxel-wise PiB DVR maps were generated using the same calculation as described for the VOIs. These maps were sampled with Neurostat (University of Washington, Seattle), resulting in surface renderings of cortical PiB DVR. PiB scans were analyzed qualitatively in isolation, both in transaxial and as surface presentations, by an investigator experienced with PiB PET evaluation and blinded to all clinical data (K.A.F.). Transaxial assessments were classified as abnormal when frontal cortical DVR exceeded that of subjacent white matter, a threshold previously used in our laboratory to identify significant amyloid deposition in AD and DLB. 31 PiB surface projection maps were classified as abnormal when frontal, temporal, and posterior cingulate cortical DVRs were conspicuously elevated against the cerebellum and the remainder of the cerebral hemispheres.
Statistical analyses. The potential relationship between global cognitive ability and PiB accumulation in the cerebral cortex was assessed as our a priori primary hypothesis via Pearson correlation coefficient estimation. Exploratory relationships among the clinical, neuropsychological, and imaging measures were assessed with principal component analysis (PCA). Specifically, each variable was normalized within the study cohort, followed by PCA using correlation matrices and Varimax rotation to optimize distinction of variable loadings. PCA included the representative variables: cortical A␤-amyloid deposition (cortical PiB DVR); nigrostriatal projection integrity (striatal DTBZ DVR); clinical PD measures (Hoehn and Yahr score, duration of disease, and UPDRS motor score); and cognitive indices (MOCA score, composite average z score for global cognitive function). Relationships among high-loading variables within individual principal components were further assessed using Pearson correlation analyses. Analyses were performed using SYSTAT 12.0 (SYSTAT Software Inc., San Jose, CA).
RESULTS
Thirty subjects had evidence of mild cognitive impairment based on domain-specific z scores; 5 subjects had normal range cognitive abilities and 5 subjects met the neuropsychological criteria for mild dementia (table 1) .
The pattern of PiB binding in 34 subjects was below the pathologic range identified in patients with AD and in elderly individuals without dementia with increased risk of conversion to AD. 32, 33 Four of the 6 subjects with pathologically elevated neocortical PiB DVRs had dementia based on neuropsychological assessments, despite prior clinical assessment as not having dementia. Two subjects with markedly elevated cortical PiB binding had MCI by neuropsychological criteria. On qualitative blinded interpreter evaluation of PiB images, there was complete agreement between the transaxial frontal cortical/white matter PiB ratio assessments and the surface mapped cortical PiB DVR classifications. Subjects with elevated PiB binding had a similar pattern of cortical DVR, with prominent involvement of frontal lobes and posterior cingulate cortices, substantial but lower involvement of temporal neocortices, and relative sparing of primary somatomotor and occipital cortices ( figure 1) . This pattern is similar to that observed in AD and DLB. 34 There was generally strong intercorrelation among telencephalic regional PiB DVR values although thalamic PiB binding correlated weakly with neocortical PiB binding. Mean neocortical PiB binding was selected for further exploratory analysis. There was a strong intercorrelation between DTBZ binding in the caudate nucleus and total striatal binding. Striatal DTBZ binding was selected for further exploration. Among cognitive measures, all domain-specific measures were strongly correlated with the aggregate measure (global cognitive z score); thus, the global score was used for further exploratory analyses. PCA revealed 2 components accounting collectively for more than 63% of the total variance ( 35 There was significant correlation between cortical PiB binding and global composite cognitive z scores (r ϭ Ϫ0.55, p ϭ 0.0006) (figure 2). There was also significant correlation between cortical PiB binding and the WAIS score (r ϭ Ϫ0.54, p ϭ 0.0004). mild to moderate PD. Cognitive impairment in PD probably results from a combination of pathologies including ␣-synuclein and A␤-amyloid deposition, as well as cholinergic and dopaminergic denervation. The relative roles of these different pathologies have not been intensively investigated in the early stages of cognitive impairment in PD. Our findings in patients with PD with dementia or at high risk for the development of dementia suggest infrequent AD-range levels of cortical A␤-amyloid and significant correlation between neocortical A␤-amyloid deposition and cognitive function. Specifically, there were 6 subjects (15%) from our cohort with AD-range neocortical PiB binding. Four of these 6 subjects were found to have dementia on detailed neuropsychological testing. Only 2 of 30 subjects with MCI (7%) exhibited AD-range neocortical PiB binding. None of the 5 cognitively intact subjects with PD showed AD-range PiB binding. In comparison, previously published large cohorts showed AD-range cortical PiB binding in 68% of subjects with MCI 33 and 25%Ϫ33% of elderly healthy subjects. 33, 32 Our findings of relatively low neocortical PiB binding are in agreement with prior in vivo imaging studies in patients with PD and PDD. One study did not find evidence of abnormal PiB retention in earlystage PD, although these subjects were not at high risk of dementia in the short term. 36 A different group reported abnormal neocortical PiB binding in only 2 of 10 subjects with PDD. 12 A study comparing subjects with DLB and PD reported high global neocortical A␤-amyloid burden in DLB, with subjects with PD manifesting low neocortical amyloid burden. 13 Increased striatal A␤-amyloid deposition was noted also in 2 of 10 subjects with PDD without elevated neocortical A␤-amyloid. One postmortem study described a greater frequency of striatal A␤amyloid deposition in PDD than in PD. 37 A study comparing cortical PiB retention in subjects with PD, PDD, DLB, and AD and healthy control subjects reported higher cortical A␤-amyloid in the DLB group than in the PDD group, with PiB binding in the DLB group being comparable to PiB binding in the AD group. 14 A␤-amyloid deposition in the PDD group was low and comparable to that in the PD and healthy control groups. A more recent PiB study 10 found no major differences in the degree of cortical or caudate nucleus PiB binding among patients with PD (with or without MCI), PDD, and DLB, with the majority of patients in each group showing PiB binding below the range typical of AD. Although this study did not report significant differences in mean values of PiB binding among the subject groups, the MCI and frank dementia groups showed greater variability in PiB binding values.
DISCUSSION Dementia is nearly universal in advanced PD, and cognitive impairment is common in
An interesting issue raised by our findings and those of prior investigations of PD with PiB imaging is the low frequency of AD-range elevated neocortical PiB binding in our study cohort compared with results reported in unaffected elderly subject cohorts. Only 15% (6 of 40) of our subjects exhibited ADrange neocortical PiB binding, a contrast with the 25%Ϫ30% reported in large studies of PiB binding in unaffected elderly subjects. Could PD prevent the pathologic deposition of fibrillar A␤-amyloid? This is unlikely. Our results indicate elevated PiB binding in our most cognitively impaired subjects with PD. Subject selection bias is the likely explanation for the relatively low frequency of AD-range PiB neocortical PiB binding in our study cohort. We suggest that the majority of previously asymptomatic subjects with high neocortical A␤-amyloid burdens and significant nigrostriatal degeneration will present with dementia and will be classified as having DLB (or AD if parkinsonism is not yet clinically evident). By convention, these subjects would not be recruited to studies such as ours, focusing on PD and excluding those with overt dementia within the first year of symptoms. This explanation is consistent also with previous reports of higher neocortical A␤-amyloid burden and PiB binding in DLB as opposed to PDD. Although average cortical PiB binding values in our PD MCI cohort are not in the AD range, PiB binding correlated significantly with measures of cognitive impairment. Our study findings support more indirect evidence from other A␤-amyloid imaging studies for a possible role of amyloidopathy in the development of cognitive impairment in PD. These prior imaging studies predominantly focused on subjects with established PDD and for the most part did not include subjects at earlier stages of cognitive impairment. Only one published study includes a small PD MCI cohort of 9 subjects. In this study, subjects with PDD and DLB with higher vs lower PiB binding were compared. Higher PiB binding was associated with worse global cognitive impairment but not with any other clinical or neuropsychological features, including earlier onset or faster rate of progression of cognitive impairment. Of note, the authors reported that 3 of the PiB positive subjects were "too impaired to allow neuropsychological testing." 10 These authors did not report regression analysis based on continuous PiB levels and individual cognitive scores. A different study reported that A␤-amyloid deposition in the parietal and posterior cingulate cortices in the PD and PDD groups was related to visuospatial impairment. 14 They found no significant correlations between A␤-amyloid retention and executive or memory functions. A study comparing PiB-positive with PiBnegative subjects with PDD and DLB found that PiB-positive subjects with dementia had lower Mini-Mental Status Examination scores than PIB-negative subjects with dementia. 12 PiB-positive subjects in this study had a higher age at onset of parkinsonism and onset of dementia. Cumulative data suggest that the concurrent presence of amyloidopathy in PD may contribute to cognitive impairment.
Reported findings accord with prior neuropathology studies suggesting a role for A␤-amyloid plaques, possibly in conjunction with Lewy body deposition, in the development of cognitive impairment in PD. 7, 8, 38 Our results are supported also by a study suggesting an AD-like CSF biomarker profile in PDD and PD with MCI. 39 Another study showed correlations between CSF A␤42 and cognitive parameters in a set of patients with PD without dementia. 40 Our findings suggest that subjects with PD at risk for dementia do not show AD-range neocortical A␤amyloid deposition. This observation is in contrast with previously reported findings of up to 33% of healthy elderly subjects, as well as subjects with DLB, showing AD-range A␤-amyloid deposition. Differences in amyloid deposition may provide insight into the differential pathogenesis of PDD and DLB. Despite their non-AD range levels, neocortical A␤amyloid deposition in subjects with PD and MCI is probably of pathophysiologic significance, with significant correlations with cognitive function. Further longitudinal imaging studies will be particularly helpful in delineating the role of A␤-amyloid in cognitive decline in PD. 
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